Background/Aims: Qing Dai is a prized traditional Chinese medicine whose major component, indirubin, and its derivative, indirubin-3'-monoxime (IDM), have inhibitory effects on the growth of many human tumor cells and pronounced anti-leukemic activities. However, the effects of IDM on mature human erythrocytes are unclear. This study aimed to evaluate the potential impact of IDM on erythrocytes and the mechanisms underlying that impact. Methods: Utilizing flow cytometry and confocal laser scanning microscopy, phosphatidylserine exposure at the cell surface was estimated by annexin V-fluorescein isothiocyanate (FITC). The relative cell size, expressed in arbitrary units, was evaluated by forward scatter in a flow cytometer. Fluo-3 fluorescence was used to bewrite changes in cytosolic Ca 2+ activity, reactive oxygen species (ROS) formation was assessed by 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence, and ceramide abundance was evaluated by FITC-conjugated specific antibodies. Results: The 24-h exposure of human erythrocytes to IDM (12 µM) significantly decreased the percentage of annexin V-binding erythrocytes and the intracellular calcium concentration ([Ca 2+ ] i ). IDM (3-12 µM) did not significantly modify the ceramide level or DCFH-DA fluorescence. Energy depletion (removal of glucose for 24 hours) significantly increased annexin V binding and Fluo-3 fluorescence and diminished forward scatter, and these effects were significantly mitigated by IDM (12 µM). Moreover, the Ca 2+ ionophore ionomycin (1 µM, 60 min) and oxidative stress (30 min exposure to 0.05 mM tert-butyl hydroperoxide, t-BHP) similarly triggered eryptosis, which was also significantly suppressed by IDM. Conclusions: IDM is a novel inhibitor of suicidal erythrocyte death following ionomycin treatment, t-BHP treatment and energy depletion. Thus, IDM may counteract anemia and impairment of microcirculation, at least in part, by inhibition of Ca 2+ entry into erythrocytes.
Introduction
Indirubin is an active ingredient of the traditional Chinese medicine Qing Dai, whose biological activity includes profound anti-leukemic effects, especially against myelocytic leukemia [1] [2] [3] [4] . Indirubin-3'-monoxime (IDM) has a higher solubility than indirubin and is therefore considered one of the most representative indirubin derivatives for chemotherapy [5] , having inhibitory activities on the growth of a wide spectrum of human tumor cells [6] [7] [8] [9] [10] . Nevertheless, the impact of IDM on human circulating red blood cells has not yet been explored.
Mature, circulating erythrocytes experience senescence, followed by the removal of aged erythrocytes, which limits their life span to approximately 100-120 days [11] [12] [13] [14] . Prior to senescence, erythrocytes may experience injury, disrupting their integrity and thus triggering suicidal erythrocyte death or eryptosis [15] . Although erythrocytes lack mitochondria and nuclei, they can undergo a self-destruction process sharing several features with apoptosis, including cell shrinkage, formation of plasma membrane microbubbles, and phosphatidylserine externalization [16] , which lead to erythrocyte disintegration [17, 18] . There is evidence that a death program can operate in the absence of mitochondria [19] . Eryptosis can be triggered by increased Ca 2+ concentration in the cytosol. Ca 2+ may enter through the Ca 2+ -permeable non-selective cation channels [20] , which are activated by prostaglandin E 2 (PGE 2 ) through stimulation of cyclooxygenase [21] . The higher intracellular Ca 2+ concentration further activates Ca
2+
-sensitive K + channels, followed by an outflow of K + , hyperpolarization of cell membranes [22] , and Cl -exit [23] . The exit of osmotically obliged water, which is followed by the cellular loss of KCl, leads to cell shrinkage [24] and ultimately activates scramblase, which stimulates phosphatidylserine translocation from the inner to the outer cell membrane. Other mechanisms involved in the catalysis or regulation of eryptosis include the participation of ceramide [25] [26] [27] , oxidative stress [28] [29] [30] , hyperosmotic shock [31] , energy deficiency [32] , caspase activation [33] and heterotrimeric G-protein subunit Gαi2. The activation of eryptosis is triggered by kinases, including casein kinase 1α (CK1α) [34] , Janus-activated kinase 3 (JAK3) [35] , protein kinase C [36] , p38 kinase [37] and cyclindependent kinase 4 (CDK4) [38] . Likewise, its inhibition is realized by certain kinases, including p21-activated kinase 2 (PAK2) [39] , AMP-activated kinase AMPK [40] [41] [42] , cGMPdependent protein kinase (cGKI) [43] and mitogen-and stress-activated kinase MSK1/2.
The current study aims to investigate the influence of IDM on eryptosis and further explore its mechanism of action. If IDM indeed significantly inhibits eryptosis, IDM could be regarded as an excellent and secure anti-leukemic agent, as the inhibition of eryptosis by IDM would be beneficial for patients with chronic myeloid leukemia accompanied by hematopoietic inhibitory anemia.
Materials and Methods

Erythrocytes, solutions, and chemicals
Fresh heparin anticoagulant blood samples were provided by healthy volunteers recruited from the blood donation facility of the First Affiliated Hospital of Anhui Medical University (Hefei, Anhui, China). The study was approved by the Ethics Committee of Anhui Medical University, and written informed consent was obtained from all the volunteers. The blood samples were taken no earlier than 4 h before analysis and stored at room temperature until use. The blood samples were centrifuged (180×g, 4 min, 25°C), followed by plasma and leukocyte aspiration and conservation of compacted erythrocytes. Freshly isolated and purified mature human erythrocytes were incubated with the indicated IDM concentrations (3-12 µM) in vitro at a hematocrit of 0.4% in Ringer solution containing 32 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 125 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 5 mM Glu, and 1 mM CaCl 2 at 37°C and pH 7.4 for 24 h. IDM (Sigma-Aldrich, Saint Louis, Missouri, USA) was dissolved in dimethyl sulfoxide (DMSO, SigmaAldrich, Saint Louis, Missouri, USA). The final concentration of DMSO in the media was less than 0.1%. Parallel concentrations of DMSO were added to the control preparations to exclude the solvent effect. The Ca 2+ ionophore ionomycin (Solarbio, Beijing, China) was dissolved in DMSO and diluted into Ringer solution to a final concentration of 1 µM. The oxidant tert-butyl hydroperoxide (t-BHP; Sigma-Aldrich, Germany) was diluted into Ringer solution to a final concentration of 0.05 mM.
Phosphatidylserine exposure and forward scatter
After incubation under the respective experimental conditions, 100 µL of the erythrocyte suspension at 0.4% hematocrit was washed with Ringer solution and then stained with 5 µL of annexin V-fluorescein isothiocyanate (FITC) (BD Biosciences, San Jose, CA, USA) in 300 µL of binding buffer at room temperature for 20 min in the dark. The annexin V staining and forward scatter were measured by a FACS Calibur flow cytometer (BD Biosciences) using an excitation wavelength of 488 nm and an emission wavelength of 530 nm. The same threshold was utilized for untreated and IDM-treated erythrocytes.
Detection of intracellular calcium
After incubation, 120 µL of the erythrocyte suspension at 0.4% hematocrit was washed with Ringer solution and loaded with Fluo-3/AM (Dojindo, Japan) at a final concentration of 2 µM in Ringer solution containing 5 mM of CaCl 2 . The cells were incubated at 37°C for 30 min in the dark and washed twice in Ringer solution containing 5 mM of CaCl 2 . The Fluo-3/AM-loaded erythrocytes were resuspended in 300 µL of Ringer solution. Then, Ca
2+
-dependent fluorescence intensity was measured using the FACS Calibur with an excitation wavelength of 488 nm and an emission wavelength of 530 nm.
Measurement of ceramide abundance
For the determination of ceramide levels, a monoclonal anti-ceramide antibody and speciesspecific secondary FITC-conjugated antibody were used. A volume of 150 µL of erythrocyte suspension at a hematocrit of 0.4% was washed in Ringer solution. Then, the erythrocytes were incubated with a monoclonal anti-ceramide antibody (1:500; clone MID 15B4; Sigma, USA) for 1 h in phosphate buffered saline (PBS, pH 7.4) containing 0.1% bovine serum albumin (BSA) at 37°C. The specimens were washed twice to remove the unbound monoclonal antibody and stained with polyclonal IgM-specific antibody labeled with FITC (1:200; Bioss, Beijing, China) for 30 min at 37°C in PBS-BSA. The samples were repeatedly washed to remove unbound secondary antibody and assessed semi-quantitatively by flow cytometry using excitation at 488 nm.
Measurement of intracellular reactive oxygen species
The reagent 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to determine the intracellular oxidative stress level. An erythrocyte suspension (120 µL) at 0.4% hematocrit was washed in Ringer solution and stained with DCFH-DA (Beyotime, Shanghai, China) at a final concentration of 10 µM at 37°C for 30 min in the dark. Then, the fluorescent dichlorofluorescein (DCF)-loaded erythrocytes were washed and resuspended in 300 µL of Ringer solution, and DCF-dependent fluorescence intensity was measured by FACS Calibur using excitation at 488 nm.
Confocal laser scanning microscopy
After incubation at the indicated experimental conditions, erythrocyte suspension was stained with 4 µL of annexin V-FITC (BD Biosciences, USA) in 300 µL of binding buffer for 15 min under protection from prolonged exposure to light. Then, 50 µL of the erythrocyte suspension labeled with FITC was placed in a confocal dish with prolonged fluorescence antifade reagent (Beyotime, Shanghai, China). Images were captured on a Leica TCS SP5 confocal laser scanning microscope (Leica, Germany).
Statistical analysis
Data are expressed as arithmetic means ± SEM. Statistical comparison was performed among the IDMtreated, IDM-untreated (control) and solvent (DMSO) groups using one-way ANOVA with Tukey's test by GraphPad Prism version 5.00 (GraphPad Software, La Jolla, CA, USA). N represents the number of analyzed erythrocyte samples.
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Results
In the present study, we explored whether IDM affects suicidal erythrocyte death. The percentage of phosphatidylserine-exposing erythrocytes was determined by flow cytometry utilizing annexin V-FITC. As illustrated in Fig. 1A , which shows confocal laser scanning microscope images of erythrocytes labeled with FITC fluorescence (green), the fluorescence intensity of the 12 µM IDM-treated group was lower than that of the control group. As shown in Fig. 1B and 1C , a 24-h exposure to IDM significantly decreased the percentage of phosphatidylserine-exposing erythrocytes, and statistical significance was reached at 12 µM IDM (**P< 0.01, from 4.74 ± 0.51% to 2.42 ± 0.26%, n = 18). The percentage of annexin V-binding erythrocytes in the vehicle-treated (DMSO) group was slightly increased (4.84 ± 0.66%); nevertheless, the IDM treatment overcame this slight DMSO toxicity, reducing the percentage of annexin V-binding erythrocytes to a lower level than that in the control group. As shown in Fig. 2 , no appreciable difference was observed in cell forward scatter after a 24-h incubation in either the presence or absence of IDM.
The increased concentration of cytosolic Ca 2+ is the main factor triggering cell membrane scrambling, cell shrinkage, and phosphatidylserine eversion [44] . Thus, we next attempted to measure intracellular Ca 2+ concentration ( [Ca 2+ ] i ) in the IDM-treated erythrocytes. Fluo-3-AM was used to determine [Ca 2+ ] i , as its fluorescence intensity is positively correlated with Ca 2+ concentration. The levels of Fluo-3-AM loading in erythrocytes were determined by flow cytometry to observe whether IDM altered erythrocyte intracellular Ca 2+ concentration. As 
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Cellular Physiology and Biochemistry illustrated in Fig. 3 , Fluo-3 fluorescence intensity was decreased in erythrocytes exposed to 3-12 μM IDM, and the fluorescence intensity gradually weakened with increasing IDM concentration, an effect reaching statistical significance at an IDM concentration of 12 µM (*P < 0.05). As shown in the images captured by the confocal laser scanning microscope (Fig. 4A) , a lower percentage of annexin V-FITC-binding erythrocytes was obtained in the treatment with 12 µM IDM than in the absence of IDM and the presence of ionomycin (1 µM). Ionomycin addition significantly increased the percentage of phosphatidylserine-exposing erythrocytes. IDM significantly suppressed this increase in percentage of annexin Vbinding erythrocytes ( ### P < 0.0001, from 28.10 ± 2.40% to 9.95 ± 1.23%, n = 15) (Fig. 4B, C, and D) .
To investigate ceramide signaling, we measured ceramide-dependent fluorescence intensity by an anti-ceramide antibodybased flow cytometric assay. As shown in Fig. 5 , the percentage of cells loaded with ceramide-dependent fluorescence was decreased after exposure to IDM (3-12 µM). However, the effect did not reach statistical significance. To test whether IDM altered the abundance of reactive oxygen species (ROS) and phosphatidylserine-exposing erythrocytes after treatment with t-BHP, DCFH-DA was applied to detect the level of intracellular oxidative stress. As seen in Fig. 6 , oxidative stress caused by a 30-min exposure to 0.05 mM t-BHP was followed by a significant increase in the percentage of annexin V-binding erythrocytes (Fig. 6A , B and C) and DCF fluorescence intensity (Fig. 6D, E) , which was significantly mitigated by the addition of IDM ( # P<0.05). In the next series of experiments, the effects of glucose depletion on phosphatidylserine externalization, intracellular calcium concentration ( [Ca 2+ ] i ), and forward scatter, in the presence and absence of 24-h incubation with IDM, were determined. Glucose depletion increased the percentage of annexin V-binding erythrocytes (Fig. 7A, B) . IDM significantly 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
decreased the percentage of annexin V-binding erythrocytes ( ### P < 0.001). Thus, we can conclude that energy depletion stimulates erythrocyte cell membrane disruption and that this effect is alleviated by IDM. The average forward scatter was significantly reduced after the glucose depletion treatment but returned to the normal range after treatment 
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Cellular Physiology and Biochemistry with IDM for 24 h ( # P < 0.5) (Fig. 7C, D) . Therefore, IDM mitigated the cell shrinkage that occurred after energy deficiency. We also inspected whether IDM might alter [Ca 2+ ] i to inhibit the erythrocyte death induced by energy shortage. Indeed, the Fluo-3 fluorescence of erythrocytes significantly increased in the absence of energy and was reduced by incubation with IDM ( # P < 0.5) (Fig. 7E, F) .
Discussion
In our investigation, the treatment of human erythrocytes with IDM significantly decreased the percentage of phosphatidylserine-exposing erythrocytes and caused insignificant changes in the average forward scatter, which remained in the normal range of healthy blood specimens. The concentration of IDM required to inhibit cell membrane scrambling was within the range of optimum experimental concentrations according to previous studies [45] [46] [47] [48] [49] [50] . Furthermore, the IDM-treated erythrocytes showed a dosedependent decrease in [Ca 2+ ] i . Next, we aimed to further clarify the role of IDM in calcium influx inhibition. Our further experiments revealed that erythrocytes exposed to the Ca 2+ ionophore ionomycin underwent phosphatidylserine externalization, leading to an increased is decreased during the cyclosporine-induced decay of red blood cells [52] . The entry of Ca 2+ through the permeable cation channel stimulates Ca
2+
-sensitive K + channels [53] , leading to hyperpolarization, loss of KCl, and cell shrinkage, in parallel with the activation of scramblase shifting phosphatidylserine from the internal to the external cell membrane [54, 55] . Additional activators of the Ca 2+ permeable cation channel include oxidative stress, high abundance of ceramide, energy depletion, and extracellular removal of Cl - [56] . Phosphatidylserine-exposing erythrocytes are rapidly engulfed and degraded by macrophages from the circulating blood [57] . Senescent erythrocytestend to bind autologous IgG, leading to recognition and phagocytosis, mainly by Kupffer cells in the liver [58] . Accordingly, eryptosis may cause the excessive removal of affected erythrocytes, resulting in anemia [59] and disorders of microcirculation [60] . The adherence of eryptotic cells to vascular wall endothelial CXCL16/SR-PSO [61] and the binding of phosphatidylserineexposing erythrocytes to blood platelets could further stimulate blood clotting and trigger thrombosis [62] . Eryptosis could also be induced by a wide range of xenobiotics [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] , and enhanced eryptosis is observed in several clinical conditions, such as systemic lupus erythematosus [75] , uremia under hemodialysis or peritoneal dialysis [76] , pulmonary tumor [77] , Parkinson's disease [78] , arteritis [79] , hepatic failure [80, 81] , tumor-induced anemia [82] , vitamin D excess [83] , advanced age [84] , G6PD deficiency [85] , sepsis [86] , APC gene mutation and colon carcinoma [87] . Eryptosis can also be triggered by erythrocyte storage [88] [89] [90] . Based on the present observations, we suggest that IDM may exhibit potent, effective inhibition of eryptosis, counteracting anemia in various clinical conditions. The use of IDM in the chemotherapy of chronic myeloid leukemia or other malignant neoplasms will weaken the side effects of tumor chemotherapeutics or the complications of diseases associated with erythrocyte growth inhibition.
Conclusion
IDM remarkably reduced [Ca
2+
] i in a dose-dependent manner and suppressed the cell membrane scrambling stimulated by treatment with the Ca 2+ ionophore ionomycin and t-BHP and by energy depletion. Our findings clarify that the inhibitory impact of IDM on eryptosis may largely be exerted by the inhibition of Ca 2+ -permeable non-selective cation channels, which further prevents calcium influx. These effects have the potential to simultaneously offset anemia and the impairment of microcirculation, implying that erythrocyte survival may be assisted by therapeutic intervention.
Cellular Physiology
and Biochemistry Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
